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Introduction
Molecules with high formation enthalpies have long been used as building blocks of energetic materials with applications in several different areas. Future applications of the chemistry of energetic materials are envisaged in the fields of space and defense for propulsion of rockets.
The task is to increase the impulse to achieve higher payloads and get access to long term missions that are inconceivable with currently available ingredients. Thus increasing the energy content of constituent molecules remains a recurring concern. Changes in the nature of energetic groups (nitroesters, nitroaromatics, nitramines) during the last 150 years have led to continuous performance improvement, however with limited gain at each step. For more than 20 years, 1 the concept of High Energy Density Materials (HEDM) has appeared as leading to very high performance energetic molecules for applications in both explosives and rocket propellants. Calculations predict large improvements in both impulse and detonation energy.
In conventional energetic molecules (EM), the energy is released from the decomposition of the molecule into oxidized forms of carbon and hydrogen using the oxygen that is present in the molecule (or in the formulation). In addition to the energy release due to the high heat of formation of the parent molecule, the light gases are generated at high temperature and expelled in large volume, producing the desired mechanical effect. HEDM differ from EM in that no oxidation process is necessary as far as the compound would be composed of light atoms linked by weak bonds (achieving high heat of formation) and able to recompose into light molecules containing stronger bonds. 2, 3 Nitrogen is the element of choice for such compounds due to the large difference of bond energies between weak N-N single bonds present in polyatomics and the very strong triple bond of dinitrogen. Elaboration of structures according to this principle is still a challenge for chemists as no such structures are known and as the basic knowledge of this chemistry is scarce. Although no systematic procedure for designing these compounds has been published, a large body of literature describes the computed properties of the virtual polynitrogen structures. as well as the assessment of the kinetic stability of the target products.
Computational methods
In this paper we describe results obtained using a well established quantum chemical methodology, the B3LYP hybrid density functional associated with the valence double-ζ 6-31G(d) basis set, including polarization functions on all atoms except H, for geometry optimization. In some cases the diffuse-augmented 6-31+G(d) basis set was used; this is specified in the associated text. Improved energies were obtained by single-point calculations at the B3LYP level, with the extended basis set of polarized valence triple-ζ quality 6-311+G(2d,2p). It has been shown that the B3LYP barrier heights could be underestimated for the decomposition of nitrogen-oxygen compounds. 15 Therefore, final energy calculations at the CCSD(T) level associated with the aug-cc-pVDZ or aug-cc-pVTZ basis sets have been achieved for selected key structures, to check our DFT results. In all cases except one (vide infra), trends observed for CCSD(T) calculations are well reproduced by B3LYP.
Some care has been taken to provide a realistic modeling of solvent effects. Solvation free energy corrections were determined using the polarizable continuum solvation model CPCM.
In the most simple implementation, the CPCM calculations were carried out on the gas phase 
Results and discussion
Starting from pentazolate 1, the synthesis of nitro-and azido-pentazole-N-oxide 5-8 can be envisioned by introducing first either the oxygen atom or the nitro/azido group (Scheme 1).
Scheme 1.
Envisioned pathways from pentazolate anion to nitro-and azido-pentazole-Noxide.
These pathways have been studied theoretically at the DFT level in order to evaluate the feasibility of these synthetic routes, and determine the easiest one. The envisioned nitrating agent is BF 4 NO 2 whereas the introduction of the azide substituent is planned through an electrochemical pathway. 
Chemical oxidation by ozone
As a first step of our study, we have examined the oxidation mechanism of unsaturated nitrogen compounds by ozone. It is well known that ozonolysis of alkenes and alkynes leads to various oxidized compounds such as ketones, aldehydes or epoxides. 18 The main proposed mechanism involves as first step a 1,3-dipolar cycloaddition of ozone with the unsaturated bond leading to cyclic C 2 O 3 ozonide. 19 Such a pathway has been searched for starting from 1 The reliability of this approach has been further confirmed by its agreement with experiment 17 on the regioselectivity of the oxidations of 18 and 21 (vide infra). In addition, the activation energies reported for these reactions in Table 2 However, values in Table 1 indicate that the energy barrier and the exothermicity of the oxidation reaction are only slightly influenced by solvation. Indeed, similar results are obtained with or without polarizable continuum, as well as with or without explicit solvent molecules. Consequently, explicit solvent molecules were not included in the other oxidation reactions with ozone described below. solvation correction obtained at the B3LYP/6-311+G(2d,2p) level.
Following this study on the mono-oxidation of 1, we explored the same process starting from various tetra-and pentazole derivatives ( (18) . The second oxidation of 1 (i.e. the oxidation of 2) is more difficult to achieve than the first. This observation seems to be more questionable for azido-pentazole derivatives. Indeed, contrary
to B3LYP values, CCSD(T) ones indicate that 4 is slightly less reactive than 8. Taken together, these results show that the reactivity parallels mostly the electronic density located on the nitrogens in the ring, which depends mainly on the electronic charge (anionic vs.
neutral compounds) and to a lesser degree on the withdrawing ability of the substituents (NO 2 > N 3 > Ph ; O > no substituent). These results also indicate that it could be possible in some cases to stop the reaction after the first oxidation step in order to obtain mono-oxidized products.
For each mono-substituted tetra-and pentazole-based derivative (2, 3, 4, 15, 18 and 21) , two isomers may be obtained in principle through N-oxidation either in α-or in β-position relative to the substituent. In all cases, β-oxidation is found to be easier than α-oxidation, both at the We have shown that it should be possible to experimentally manage the oxidation of 1, 3 and 4 by ozone in order to obtain 2 and, selectively, 6 and 8, respectively. The second oxidation process of 2 will lead to 10 selectively, whereas 6 and 8 would probably produce a mixture of doubly-oxidized products. Further to these encouraging results, we then turn our interest to the synthesis of nitro-and azido-pentazole derivatives (3-8) from 1 or 2.
Scheme 3. Nitration process.
Nitration process
Following the pioneering work of Olah et al., 20 nitration is commonly carried out through NO 2 + transfer from the nitronium tetrafluoroborate salt NO 2 + BF 4 -. 21 Thus it is this reaction which has been envisioned in this work for the nitration of 1 and 2 (Scheme 3). B3LYP-DFT calculation in the gas phase indicates that this ion pair is spontaneously transformed into a complex between BF 3 and NO 2 F. Thus gas phase modeling is inappropriate in this case. The It should be noticed that the nitronium salt NO 2 + BF 4 -could only be obtained with at least seven solvent molecules. On the contrary, N 5 NO 2 is not an ion pair and the N-NO 2 covalent bond is only slightly sensitive to solvation (N-NO 2 = 1.51 and 1.49 Å in the gas phase and in solution, respectively).
The above described micro-solvation scheme allows to examine the nitration reaction including a total of eleven or twelve acetonitrile molecules ( Table 3 The nitration of 2 also leads to an exothermic reaction, however only for the formation of 6.
This result indicates that the synthesis of 6 could be achieved selectively from 2, even if the nitration of the latter is more difficult than for 1, as there is probably no significant energy barrier for such an ion transfer reaction.
Azidation process
Following previous experimental studies on azidation of anions, 22 the synthesis of azidopentazole derivatives has been envisioned electrochemically as illustrated in Scheme 4. It is known from previous studies 23, 24 that the instability of N 5 • in the gas phase makes this reaction very unlikely starting from 1. It is however interesting to consider this synthetic pathway for 2 and 10 since pentazole-oxides are expected to be more stable than pentazole itself.
10,11
Scheme 4. Electrochemical synthesis of (oxidized) azido-pentazole from (oxidized) pentazolate anion and N 3 -.
In order to evaluate the feasibility of such a reaction in solution, we have computed the electronic oxidation energy of several nitrogen-based anions. A significant solvent effect is expected on oxidation energies. As an example, oxidation of N 3 -is known to amount to 263±12 kJ/mol in the gas phase, 25 a value which is well reproduced by DFT calculations (262 kJ/mol). In solution, at the same level of calculation including solvent effects (see below) this value is raised to ca. 520 kJ/mol as expected since solvation of the anion is much more stabilizing than that of the neutral radical.
From the results gathered in have lower electronic oxidation energies than 1 (587 and 557 vs. 732 kJ/mol in acetonitrile).
However, these energies remain larger than the oxidation energy of N 3 -and the same electronic transfer would also be observed. 
Kinetic stability of pentazole mono-and di-oxide
Even if it has been proposed that an N-oxide group kinetically stabilizes pentazolate derivatives, 11 the interest of the synthetic targets studied in this work as potential candidates for high energy density materials has to be explored. Therefore, we have examined the decomposition paths of 4-8 and 11-13 toward loss of N 2 and N 2 O. Depending upon the case, these two processes may or may not be competitive. In addition, elimination of N 2 may occur in a stepwise or in a concerted manner. The optimized structures obtained for the decompositions of 5 are displayed in Figure 4 . The complete set of activation barriers for these processes is presented in Table 5 . reasonable kinetic stability to 5, it seems however to be too low to make this product useful in real applications.
These results indicate that N-oxide azido-pentazoles 7 and 8 are kinetically more stable than N-oxide nitro-pentazoles 5 and 6. It is also clear that the α-isomers 5 and 7 are kinetically more stable than their corresponding β-isomers 6 and 8, respectively, even if they are less stable thermodynamically (Table 2) . CCSD(T) calculations for the N 2 O loss from 7 confirm that this azido-pentazole has a sufficient kinetic stability to be an interesting candidate as HEDM material. The effect of an N-oxide moiety on the stability of pentazole derivatives is not as straightforward as that obtained for pentazolates. 11 Indeed, if the decomposition of azido-pentazole 4 is easier than the decomposition of its mono-oxidized (in α position) derivative 7, it is the case neither for the other mono-oxidized (in β position) derivative 8 nor for the di-oxidized products 11-13.
Conclusions
We have explored computationally the reaction paths for the synthesis of N-and N,N'-oxide pentazole-based derivatives. The mechanism for the oxidation by ozone has been determined and the synthesis of some of the mono-and di-oxidized derivatives studied here seems to be realistic, with a regioselectivity in favor of the β-isomer for the mono-oxidized products.
Nitration can be achieved with NO 2 + BF 4 -, whereas azide group addition through electrochemical pathways is not thermodynamically viable. From pentazolate, the most accessible target seems to be 6. We recommend a synthesis in two steps from 1, with oxidation by ozone followed by nitration. The oxidation of phenylpentazole 15 prior to N-C Ph bond breaking and nitration can also be envisaged. This sequence of reaction, where the second step should be spontaneous, should make possible the use of experimental conditions allowing stabilizing the expected product, despite its weak kinetic stability. Better kinetic stability is observed for azide derivatives however other pathways, like electrophilic transfer of an azido unit with the help of electron-poor sulfonyl azides, should be explored for its formation rather than the electrochemical one studied here.
